The need for accurately predicting water quality through models has increasingly been crucial in meeting rigorous standards and customer expectations. There are several endeavours on developing robust water quality models for water distribution systems. In this paper, two variants of the EPANET 2 water quality model have been assessed to inform future research. The models are the multiple species extension EPANET-MSX and the pressure-dependent extension EPANET-PDX. Water quality analysis was conducted on a hypothetical network considering various operating pressure conditions. Different kinetic models were employed to simulate water quality. First order, limited first order and zero order models were used for predicting chlorine residual, disinfection by-products (DBPs) and water age respectively. Generally, EPANET-MSX and EPANET-PDX provided identical water quality results for normal operating conditions with adequate pressure but different results for pressure-deficient networks. Also, a parallel first order model with fast and slow reacting components was used for chlorine decay and DBPs using the EPANET-MSX model for a network operating under normal pressure conditions.
INTRODUCTION
Research indicates that the quality of water in water distribution systems (WDSs) may deteriorate due to several changes that take place during transport in the distribution system (Rossman et al. ) . These changes include: loss of disinfection residuals that can lead to bacterial re-growth (Clark & Haught ) ; formation of potentially carcinogenic disinfection by-products (DBPs) due to the reactions of the disinfectant with organic and inorganic substances in water (Rodriguez et al. ) ; development of taste and odour; and corrosion. The water quality concerns in combination with the rigorous standards set by regulatory bodies have pressed water companies to depend increasingly on models in the quest to understand and control the dynamics of water quality processes.
Several computer models are available to simulate water quality processes in WDSs. EPANET 2, a public domain hydraulic and water quality model, is among the most widely used. The model enables simulation of non-reactive tracer materials, chlorine decay, DBP growth and water age (Rossman ) . Primarily, EPANET 2 is a single species model and limited to model the dynamics of chlorine residual, trihalomethane (THM) or water age that does not permit simulation of multiple interacting species The aim of this paper is to compare the water quality modelling capabilities of the multispecies and pressuredependent EPANET 2 extension models to inform future research on pressure-dependent water quality modelling. We used a simple network from the literature in this study.
METHODS
To evaluate the capabilities of EPANET-PDX and EPANET-MSX different water quality analyses were conducted on a simple network in Fujiwara & Ganesharajah () . The analyses comprised of simulation of water age, chlorine residual and THM concentrations. Various reaction rate models and network hydraulic conditions were considered.
The equations used herein for the kinetic reactions include first order, limited first order and parallel first order models. The first order (Equation (1)) and limited first order (Equation (2)) kinetic models were used for the simulation of chlorine decay and THM concentration in bulk water respectively:
where
where C ¼ THM concentration; t ¼ time; k b ¼ bulk water reaction rate constant; and C L ¼ maximum THM concentration. For modelling water age, a zero order reaction is used, i.e. dC/dt ¼ 1. The parallel first order model in Equation (3) was used for modelling of chlorine decay:
where C t ¼ chlorine concentration at time t; C 0 ¼ initial chlorine concentration; k 1 and k 2 ¼ fast and slow decay rate constants; F ¼ fraction of chlorine reacting rapidly; 
where C ¼ chlorine concentration; k 1 and k 2 ¼ chlorine decay rate constants as in Equation (3) pressure-dependent demand function into the system of hydraulic equations. The function is described as follows:
where Qn i and Hn i are the flow and head at node i respectively. Qn 
RESULTS AND DISCUSSION
The simple two-loop network shown in Figure 1 Core 2 Duo, 3.2 GHz, 3.21 GB RAM, Microsoft Windows XP operating system).
Case 1
In Case 1, the water level at the source was fixed at 90 m to ensure the network operates with sufficient pressure to satisfy all demands and achieves a 100% demand satisfaction ratio (DSR). The first order, limited first order and zero order kinetic models were used to predict chlorine residual, THM concentration and water age respectively. Equations (6) and (7) respectively.
Rather unexpectedly, EPANET-MSX provided identical water quality results to Case 1 (in which there is enough pressure to satisfy all demands). In practical terms, a pressure-deficient network cannot satisfy demands in full.
In this regard, EPANET-MSX results are unrealistic. This limitation is attributable to the underlying DDA modelling approach. EPANET-PDX that has PDA functionality provided different water quality results that reflected the actual pressure in the network (Figure 3 ). Figure 3 shows that when the pressure in the system decreases, the THM concentration and water age increase while the chlorine residual decreases. This evidently reflects the fact that when the pressure in the network is low, the flow will correspondingly be low and the hydraulic residence time (water age) will be greater. An increase in residence time will enable the THM concentration to increase and the chlorine concentration to decrease. It is noted that low pressure conditions produced significant changes at distant nodes such as Nodes 5 and 6, as illustrated in Figure 3 . Although there seems to be reasonable agreement between these alternative formulations, in practice more accurate calibration of the two candidate models may be considered, which may involve fieldwork and laboratory tests. The main objective herein, however, is to demonstrate that EPANET-MSX can model both the chlorine residual and THM concentrations using parallel kinetic models whereas EPANET-PDX cannot. Conversely EPANET-MSX cannot simulate subnormal pressure conditions realistically while EPANET-PDX does so seamlessly.
CONCLUSIONS
In this paper, the multiple species and pressure-dependent EPANET extensions have been assessed. EPANET-MSX can model multiple interacting species but it is limited to networks operating under normal pressure conditions. On the other hand, EPANET-PDX, which is a pressure-dependent model, can simulate both normal and pressure-deficient networks seamlessly. However, the model is restricted to the dynamics of just a single species. This precludes simulation of reactions between two or more species accurately. The respective shortcomings of the two models provide inspiration to develop a holistic multi-species pressuredependent water quality model that can more accurately simulate the reactions between multiple species for appropriate and timely decision-making. The research described in this article is still in progress.
